Host-pathogen dynamics change rapidly during a biological invasion and are predicted to impose 32 strong selection on immune function. The invader may experience an abrupt reduction in 33 pathogen-mediated selection ('enemy release'), thereby favoring decreased investment into 34 'costly' immune responses, and the extent of this reduction may depend on factors such as 35 propagule size. Across plants and animals, there is mixed support for this prediction. Pathogens 36
absolute population densities of cane toads across Australia are unknown, toads appear to follow 127 this trend as well (Brown et al., 2013; Freeland et al., 1986) , as does at least one of their major 128 parasites (Rhabdias pseudosphaerocephala). This parasitic lungworm is absent from toads at the 129 invasion front, and is most prevalent in toads from intermediate areas (Brown et al., 2015b ; 130 Phillips et al., 2010) . Therefore, we predicted that the expression of immune genes may follow a 131 curvilinear pattern, in which those encoding mediators of costly immune responses (e.g. 132 inflammation) may be more highly expressed in toads from intermediate areas than in toads from 133 the core or front. In terms of environmentally-associated genes, we predicted that expression 134 patterns would depend on the functional roles of the genes; for example, genes involved in aridity 135 tolerance may be differentially expressed between toads from the (moist) range core and toads 136 throughout the rest of the (more arid) range. 137 138 139
Materials and Methods 140
Sample collection and RNA extraction 141
In April and May of 2014 and 2015, we collected adult female cane toads from six locations 142 along an invasion transect (Figure 1) 15.9419S 127.2202E). We euthanized toads using 150 mg/kg sodium pentobarbital, decapitated 147 them as soon as they became unresponsive, and excised their spleens immediately following 148 decapitation. We selected spleen tissue for our investigation because mature immune cells travel 149 to secondary lymphoid tissue (spleen, lymph nodes, and MALT) for activation through 150 pathogenic encounter (Janeway et al., 2001 ). Thus, the cellular compositions of these tissue 151 should reflect the host's immune functioning. Each spleen was initially preserved in RNAlater 152 (QIAGEN, USA), kept at 4ºC for less than one week, and then drained and transferred to a -80°C 153 freezer for long-term storage. 154
Prior to RNA extraction, we flash-froze all spleens individually in liquid nitrogen and 155 ground them with a mortar and pestle to lyse preserved tissue. We carried out RNA extractions 156 using the RNeasy Lipid Tissue Mini Kit (QIAGEN, USA) following the manufacturer's 157 instructions, with an additional genomic DNA removal step using on-column RNase-free DNase 158 treatment (QIAGEN, USA). We quantified the total RNA extracted using a Qubit RNA HS assay 159 on a Qubit 3.0 fluorometer (Life Technologies, USA). Extracts were then stored at -80°C until 160 sequencing was performed. 161
162
Sequencing 163
Prior to sequencing, we added 4 µL of either mix 1 or mix 2 of External RNA Controls 164 Consortium (ERCC; Thermo Fisher Science) spike-in solutions diluted 1:100 to 2 µg of RNA to 165 examine the technical performance of sequencing (Table S1 ). Macrogen (Macrogen Inc., ROK) 166 constructed mRNA libraries using the TruSeq mRNA v2 sample kit (Illumina Inc., USA), which 167 included a 300bp selection step. All samples from the core and the front were sequenced in the 168 same batch (but not pooled), and evenly distributed, across two lanes of Illumina HiSeq 2500 169 (Illumina Inc., USA); samples from intermediate areas were sequenced in a separate batch on a 170 single lane (also not pooled). Capture of mRNA was performed using the oligo dT method, and 171 size selection parameter choices were made according to the HiSeq2500 manufacturer's protocol. As a reference for alignment, we used the annotated R. marina transcriptome (Richardson 185 et al., 2018), which was constructed from brain, spleen, muscle, liver, ovary, testes, and tadpole 186 tissue. We conducted per sample alignments of our trimmed FASTQ files to this reference using 187 STAR v2.5.0a (Patro et al., 2017) in basic two-pass mode with default parameters, a runRNGseed 188 of 777, and specifying BAM alignment outputs. We used the BAM outputs to quantify transcript 189 expression using Salmon v0.8.1 (Patro et al., 2017) ). In the ROC curves, the AUC for two sets of true-positive ERCC sequences (4:1 and 1:2) was 233 1.0, indicating perfect diagnostic performance, and the AUC for the third (1:1.5) was 0.89, 234 indicating good diagnostic performance ( Figure S1B ). The MA plot shows that the measured 235 ratios in our ERCC sequences converge around the r m corrected ratios, indicating low variability 236 ( Figure S1C ). Finally, the LODR plot indicated that DE p-values were lower for ERCC 237 sequences with wider ratios (i.e. 4:1 has the lowest p-values, then 1:2, then 1:1.5), which is 238 expected because the most pronounced fold-change differences should yield the highest DE 239 significance ( Figure S1D ). From these results, we inferred that the observed relative abundances 240 between mixes of each set of ERCC sequences were close to the known relative abundances, and 241 thus batch effects do not appear to have occurred. 242
We also examined the counts of the invariant (1:1) group across all samples. Seven 243 invariant ERCC transcripts remained after count filtering (same as used for the DE testing); we 244 generated a boxplot of their counts, normalized by library size ( Figure S2 ). The consistency of the 245 boxplot distributions of the seven invariant ERCC sequences further indicated that there was no 246 batch effect. Because the erccdashboard package indicated that the sets of true positive ERCC 247 sequences (4:1, 1:2, 1:1.5) existed in observed ratios close to the known ratios, and because the 248 invariant sequences (1:1) exhibited consistency across samples, we proceeded with downstream 249
analyses. 250 251

Differential gene expression in discrete phases of the invasion 252
After applying a log-ratio transformation to the count data, we were able to implement statistical 253 tests that would otherwise be invalid for relative data. We grouped populations by phase 254 The DE testing performed in ALDEx2 generates differences between discrete groups; however, 270 our data are sampled across a continuous variable: space. So, to visualize expression patterns 271 across the toad's Australian range, we performed soft (fuzzy C-means) clustering on our log-272 transformed count data (with samples grouped by collection site, and sites ordered from east to 273 west) using the R package Mfuzz v2.34.0 (Kumar & Futschik, 2007) . The fuzzy C-means 274 algorithm groups transcripts together based on similar expression patterns (using a fuzzifier 275 parameter, m) across conditions to identify prominent, recurring patterns (clusters). Each 276 transcript within a cluster is assigned a membership value, indicating how closely its expression 277 pattern aligns with that of the cluster to which it belongs. To prevent random data from being 278 clustered together, we used the mestimate command in the Mfuzz package to determine the 279 optimal fuzzifier parameter value using a relation proposed for fuzzy c-means clustering 280 (Schwämmle & Jensen, 2010) . We then used the cselection and Dmin commands to determine 281 the optimal number of clusters, c, to generate. The results of both tools suggested using four 282 clusters (c=4); however, these tools need to be used with caution because automatic 283 determination of the optimal value of c is difficult, and it is advised to review the data before 284 choosing (Kumar & Futschik, 2007) Table 1 . 359
360
Immune genes 361
The most common immune functions that we found among our differentially expressed 362 transcripts were activation (list of transcripts and their expression patterns/clusters in Table 2a ) 363 and suppression (Table 2b ) of inflammatory pathways, and cytotoxicity (Table 2c) Table 1 ). Nonetheless, a few pro-and 375 anti-inflammatory transcripts were up-regulated in intermediate toads (Table 2) . 376 377
Climate-influenced gene expression 378
Our LFMM revealed eleven transcripts with expression levels associated with maximum 379 temperature during the hottest month, rainfall during the driest quarter, or both (list of transcripts 380 in Appendix II). Three of these transcripts followed the expression pattern of the first cluster (low 381 expression at the range core, high expression throughout the rest of the range): two are involved 382 in cell adhesion and platelet activity, and function of the third is unknown. Two other transcripts 383 were also down-regulated at the core (but not a member of the first cluster); these are involved in 384 transcription regulation and metabolism. Conversely, two transcripts involved in inflammation 385 activation were up-regulated at the core. Another transcript, involved in cell cycle regulation, was 386 up-regulated in intermediate areas. The three remaining transcripts were not differentially 387 expressed: the first is involved in cell signaling in response to damage, the second is involved in 388 blood circulation and response to nitric oxide (NO), and the third is unknown. 389
390
Coordination in gene expression 391
We tested whether some transcripts were co-associated across invasion phases by examining the 392 Although not all immune transcripts followed this pattern, our data largely do not support the 408 enemy release hypothesis. It must be noted that our inferences are based on gene annotations 409 sourced from many different taxa. These genes may not function the same way in cane toads as 410 they do in the organisms from which they were described. Furthermore, although we only 411 sampled toads that appeared to be healthy, the infection status of each toad was not manipulated 412 nor controlled for. Thus, spatial heterogeneity in pathogen pressure or environmental conditions 413 may play a role in gene expression; however, parasite prevalence is generally higher in this co-occurs with non-adaptive variation driven by forces such as spatial sorting and genetic 482 drift, particularly in invasive species. These complicated dynamics may explain why support for 483 the predictions of the ERH has been so mixed over the past two decades. Nonetheless 
